Abstract-the aim of this work is to present a new methodology, based on vector and geometrical techniques, for determining the position of an intruder in a residence (3D problem). Initially, modifications in the electromagnetic responses of the environment, caused by movements of the trespasser, are detected. It is worth mentioning that slight movements are detected by high frequency components of the used pulse. The differences between the signals (before and after any movement) are used to define a sphere and ellipsoids, which are used for estimating the position of the invader. In this work, multiple radars are used in a cooperative manner. The multiple estimates obtained are used to determine a mean position and its standard deviation, introducing the concept of sphere of estimates. The electromagnetic simulations were performed by using the FDTD method. Results were obtained for single and double floor residences.
The simulations are performed by using the 3D In order to complete the environment description, the only missing item is the target. In order to represent the intruder, it was used the model presented in
The relative permittivity considered [10] , which represent average parameters. The simulations are performed by using the 3D-FDTD method for nondispersive isotropic media (analysis region), based on the Yee's formulation [5] . Here, a mesh with 384 × 352 × 120 cells was ∆s = 3.0 cm ( s x y z ∆ = ∆ = ∆ = ∆ ) were used. tenth of the minimum free-space wavelength of the excitation pulse reduce numerical dispersion effects. The time increment ∆t was obtained from ∆ the numerical stability of the method. In this paper, 70% of the Courant's limit were optimized in order to reduce undesired reflections cells, maximum attenuation conductivity σ max = 15 S/m, and the order of the attenuation Here, a Beowulf cluster with 16 cores was used for generating the transient signals.
The waveform used as an excitation source, in order to scan the environment, is the Gaussian . This type of pulse is used, for example, by the PulsON system [ The Gaussian monocycle is the first derivative of Gaussian function with respect to time o complete the environment description, the only missing item is the target. In order to ed the model presented in Fig.3 , with approximately 1.70 m
The relative permittivity considered for the intruder is ε r = 50 and its conductivity ], which represent average parameters. were used. ∆s is equivalent to space wavelength of the excitation pulse, in order to s ∆ , in order to assure limit is used [6] [7] [8] . The were optimized in order to reduce undesired reflections: thickness of 10 attenuation polynomial was used for generating the transient signals.
order to scan the environment, is the Gaussian PulsON system [9] . with respect to time, which is
This function is plotted in Fig.2 . The radar system was also simulated by using t a cuboid conductor, with dimensions h = 9 cm, w = c = 6 cm and d = 3 cm, with p = 30 cm. The distance from the ground plane to the vertical rectangular radiator is 3 cm. This monopole's bandwidth is approximately 500 MHz he transceiver antennas used for this work is a wideband dipole with the dimensions . The antenna dimensions are c = 12 cm, w = 6 cm, h = 6 cm and , modeled by thin wire [11] . This dipole's bandwidth is approximately 300 MHz
. Diagram of the dipole antenna used as transceiver.
The radar system was also simulated by using the monopole antenna shown by , with dimensions h = 9 cm, w = c = 6 cm and d = 3 cm, with p = 30 cm. The distance from the ground plane to the vertical rectangular radiator is 3 cm. This monopole's bandwidth is approximately 500 MHz (50 Ω feeding impedance).
Diagram of the monopole antenna used as transceiver. In order to determine the position of the intruder in the simulated environment, for the case of the residence presented in Fig.1 (by using the origin of the system of coordinates as reference), two mathematical methods were used: the FDTD method, for generating electromagnetic field data; and the concept of propagating ray [8, 12] , for obtaining the parameters of the sphere and ellipsoids used for localization. When a two dimensional case is analyzed, two aspects related to propagating rays are considered: 1) the transceiver antenna transmits the pulse, which reflects at the target and returns to the transceiver. The time the wave needs to complete this path is used to define a circumference, centered at the transceiver, in which the trespasser may be positioned on any of its points. 2) the transceiver transmits the pulse, which reflects at the intruder and reaches a receiver. The time the signal needs to complete this path is used to define an ellipse, in which the trespasser may be positioned on any of its points [7] . The second case is also valid for other receivers. This defines a system of equations which solution is an estimate of the position of the undesired visitor. If the wave propagates in free space, the system's solution is the exact position of the man, as long as the propagating speed would be that of free space, everywhere. When three-dimensions are considered, this idea is still valid. However, a sphere and ellipsoids must be considered.
Feeding Gap
The cooperative system used to determine the position of the intruder is presented by Fig.6 , where four transceiver antennas can be observed, numbered from 1 to 4, as well as their positions in space.
The system works as a cooperative multistatic radar. It is also observed from Fig.6 that there are two
x-polarized (transceiver) dipoles and two y-polarized dipoles (for the cooperative system based on the dipole antenna). The goal is to avoid that the intruder gets to be simultaneously positioned at a null of two or more (transceiver) antennas' radiating patterns, what could make the pinpointing of the position difficult. A system based on z-polarized cuboid monopole antennas (Fig.5 ) was also tested.
In order to determine the position of the intruder, the wideband pulse defined by (1) is transmitted.
Then, the temporal evolution of the electric field is registered in several points (receivers) and stored as reference. The pulse is then retransmitted and the transient electric field is once more registered by the receivers. Any movement performed by the intruder inside the house, as for example, a little movement of his head distorts the signals captured, which are compared to the transient responses previously obtained. After processing these data, the radii of the ellipsoids (each with foci positioned at a transceiver and a receiver positions) and the radii of spheres (each centered at a transceiver's position) [3] are obtained. A transceiver and two receivers define a multistatic radar system, which produces an estimation of e combination of this transceiver with other pair of receivers produces a different estimate, as it also happens when other transceiver is considered. In this case, and a statistic analysis is performed. For each transceiver, the mean centered at the mean is defined. This sphere encloses a when that transceiver is considered. This transceiver produces more ), such as indicated by and point B defines the position of a receiver. ,
2 .
are the coordinates of P. The points A, B and P are used to define coordinate system, which has its x', y' and z' axes aligned to the following directions:
: it is defined as the unit vector directed from A to B (which represent . It is obtained from vector i is given by (6) product of the vectors . z k z = (12) In order to perform the transformation of coordinates around the origin, by using the former coordinate system as reference, the equation 
is solved, in which 1 1 1 2 2 2 3 3 3   ( , , , around L by an angle α, are given by 
in which [R] is the rotation matrix, c = cos(α) and s = sin(α).
In order to obtain the rotation around the axis x', (17) is used in (16). ,
It is noticed that (17) satisfies (18), which is a required condition. 1.
In synthesis: a) initially one generates a ellipse (Fig.8a) on the coordinate system of reference (x,y,z) (the radii of the ellipse are obtained by using the difference of the transient signals obtained at the associated receiver [3] and z=0); b) one defines a new coordinate system by using (2)- (12) and performs the transformation of coordinates around the origin by using (13)-(15) (Fig.8b) ; c) ellipse in 3D space is then rotated by using (16)-(19), generating this way the corresponding ellipsoid (Fig.8c) ; d) finally, the multistatic radar's geometry is defined by considering a transceiver (sphere) and two receivers (Fig.8d) . The estimate of the trespasser's position is defined by the point equidistant to the three surfaces, such as it is illustrated by Fig.8d .
V. RESULTS
In order to pinpoint the intruder's position, nine receivers and four transceiver dipole antennas were set up in different parts of the house (Fig.6 ). The cooperative multistatic system was tested for four different cases. For the first and second cases, a single-floor residence is considered and the intruder was positioned at different rooms. His head was displaced by a single Yee's cell. For the third case, the intruder moves one of his legs. Finally, it is considered a double-floor residence in the fourth case.
For the first case (Fig.9) , the center of the head of the intruder is located at x = 2.48 m, y = 2.53m, z = 1.70m and the intruder is located at bedroom 1. The sphere of estimates (which encloses the region of space with higher probability of finding the man), depicted in Fig.9 , is fully contained in the room where the intruder is located. It was obtained by using the system shown in Fig.6 . A sphere of estimates was determined for each transmission antenna. The region enclosed by the sphere with the smaller radius (estimate with the less significant standard deviation) was considered to be the radar's estimate (Table I ). This sphere is represented in Fig.9 and it is clearly seen that the intruder's head is inside the estimated region. As it has been described in section III, the electromagnetic pulse is transmitted twice (after a certain As it can be seen in Fig.10 , there is a slight difference between the signals. This small discrepancy is due to the fact that the intruder performed a minor movement (of 3 cm) of his head. Despite this slight difference between the signatures, the system is able to properly locate the intruder. For the second case (Fig.11) , the trespasser is at the kitchen. In this case, the intruder is placed near to TX2 (Fig.6) . The head of the intruder is centered at x = 6.08 m, y = 3.44 m, z = 1.70 m. In Fig.11 , a side view (x-z plane) of the intruder placed in the kitchen is presented. The sphere of estimates depicted in Fig. 11 (the sphere with the shortest radius) correctly indicates the room where the intruder is located. The information related to the spheres of estimates, for this case, is available in Table II . Table III. deviation, as in the first case. I
estimates of the third case was formed closer to the men's leg, presented methodology. 
II. RADIUS RELATIVE TO EACH TRANSCEIVER (THIRD CASE
) the new leg's position.
As it can be seen in Fig.13 , there is a slight difference between the signals. This small discrepancy is due to the fact that the intruder performed a minor movement (of 3 cm) of his leg. Despite this slight difference between the signatures, the system is able to properly locate the intruder. In the fourth case, a second floor is added to the house considered in the previous simulations (Fig.14) . In this case, all the transceiver by Fig.6 ) and half of quantity of the receivers was moved to the second floor.
performs the same movement considered in the first case, As it can be seen in Fig.13 , there is a slight difference between the signals. This small discrepancy is due to the fact that the intruder performed a minor movement (of 3 cm) of his leg. Despite this signatures, the system is able to properly locate the intruder. performs the same movement considered in the first case, was also placed at the smallest radius sphere of estimates (see Table IV ). The region of space it head. Here, only dipole antennas were employed. As it can be seen in Fig.13 , there is a slight difference between the signals. This small discrepancy is due to the fact that the intruder performed a minor movement (of 3 cm) of his leg. Despite this signatures, the system is able to properly locate the intruder. It is worth to mention that in real situations, the intruder and the other media, such as the soil and the walls, are not homogeneous materials. However, the electromagnetic signatures obtained due to the first pulse, which would take that into account, are used as reference signals. The signatures obtained due to the second pulse would also be affected by the non-homogeneous media. The latter is different from the former exclusively because of movement(s) inside the residence. This way, the proposed methodology is not dependent of this issue. For a given receiver, signatures obtained due the first and second pulses are identical to each other up to the moment in which the wave reflected by the intruder reaches the receiver. The oscillations observed in both signals are due the multipath components, which depend only on the residence elements, soil and on the radar system. The transient responses are also dependent on the intruder himself.
RADIUS RELATIVE TO EACH TRANSCEIVER (FOURTH CASE

VI. CONCLUSION
This work presents a simple methodology, however effective, to perform the estimate of the position of an intruder in tridimensional environments. This way, a system of cooperative multistatic radars, operating with wideband pulses, was considered. The analysis of the problem was carried out by using the FDTD method, associated to the UPML formulation. The estimate of the position is performed by using vectors in the tridimensional space for defining the radar's ellipsoids. The results
show that the proposed methodology is effective, since it can estimate the position of the intruder (target) in indoor environments, even if a slight movement is executed by him. The system can detect his presence and determine accurately his position in the environment. One can also notice that the system is adequate for two-floor buildings, in which it is necessary to consider receivers in both floors. For all the cases tested, the system correctly determined the room where the intruder was positioned and always the smaller sphere of estimates enclosed part of the man. It should be observed that in this paper particle swam optimization (PSO) was not employed (as it has been done in authors' previous 2D works) because it did not present good efficiency for the 3D case (minutes were necessary for obtaining the estimate). This way, the presented formulation provides the estimate in approximately three seconds (including the statistical analysis) when a 2 GHz processor is used. It is worth to mention that if more than one intruder is present inside the residence, two cases must be considered: 1) when the intruders are close to each other, they are detected as a single intruder, as long as the multiple estimates define a sphere which radius is comparable to the single intruder cases;
2) when the intruders are spread over the residence, the estimative spheres radii are considerable larger, due to the increase of the standard deviation. This way, it is possible to determine when more than one intruder is present. As a future work, experimental tests and a study regarding white noise (considering minimum transmitting power and detection threshold) are proposed.
